Diatoms, unicellular phytoplankton that account for ∼40% of marine primary productivity, often dominate coastal and open-ocean upwelling zones. Limitation of growth and productivity by iron at low light is attributed to an elevated cellular Fe requirement for the synthesis of Fe-rich photosynthetic proteins. In the dynamic coastal environment, Fe concentrations and daily surface irradiance levels can vary by two to three orders of magnitude on short spatial and temporal scales. Although genome-wide studies are beginning to provide insight into the molecular mechanisms used by diatoms to rapidly respond to such fluxes, their functional role in mediating the Fe stress response remains uncharacterized. Here, we show, using reverse genetics, that a death-specific protein (DSP; previously named for its apparent association with cell death) in the coastal diatom Thalassiosira pseudonana (TpDSP1) localizes to the plastid and enhances growth during acute Fe limitation at subsaturating light by increasing the photosynthetic efficiency of carbon fixation. Clone lines overexpressing TpDSP1 had a lower quantum requirement for growth, increased levels of photosynthetic and carbon fixation proteins, and increased cyclic electron flow around photosystem I. Cyclic electron flow is an ATPproducing pathway essential in higher plants and chlorophytes with a heretofore unappreciated role in diatoms. However, cells under replete conditions were characterized as having markedly reduced growth and photosynthetic rates at saturating light, thereby constraining the benefits afforded by overexpression. Widespread distribution of DSP-like sequences in environmental metagenomic and metatranscriptomic datasets highlights the presence and relevance of this protein in natural phytoplankton populations in diverse oceanic regimes.
Diatoms, unicellular phytoplankton that account for ∼40% of marine primary productivity, often dominate coastal and open-ocean upwelling zones. Limitation of growth and productivity by iron at low light is attributed to an elevated cellular Fe requirement for the synthesis of Fe-rich photosynthetic proteins. In the dynamic coastal environment, Fe concentrations and daily surface irradiance levels can vary by two to three orders of magnitude on short spatial and temporal scales. Although genome-wide studies are beginning to provide insight into the molecular mechanisms used by diatoms to rapidly respond to such fluxes, their functional role in mediating the Fe stress response remains uncharacterized. Here, we show, using reverse genetics, that a death-specific protein (DSP; previously named for its apparent association with cell death) in the coastal diatom Thalassiosira pseudonana (TpDSP1) localizes to the plastid and enhances growth during acute Fe limitation at subsaturating light by increasing the photosynthetic efficiency of carbon fixation. Clone lines overexpressing TpDSP1 had a lower quantum requirement for growth, increased levels of photosynthetic and carbon fixation proteins, and increased cyclic electron flow around photosystem I. Cyclic electron flow is an ATPproducing pathway essential in higher plants and chlorophytes with a heretofore unappreciated role in diatoms. However, cells under replete conditions were characterized as having markedly reduced growth and photosynthetic rates at saturating light, thereby constraining the benefits afforded by overexpression. Widespread distribution of DSP-like sequences in environmental metagenomic and metatranscriptomic datasets highlights the presence and relevance of this protein in natural phytoplankton populations in diverse oceanic regimes.
high light | photosynthesis | nutrient limitation I ron (Fe) limitation profoundly affects phytoplankton productivity by decreasing the efficiency of photochemical conversion of light into chemical bond energy (1) . Fe enrichments in highnutrient, low-chlorophyll areas of the Southern Ocean, the Equatorial Pacific, and the North Pacific (2) as well as coastal upwelling zones (3) result in large diatom blooms by allowing increased photosynthetic capacity and higher growth rates. In some diatoms, tolerance of chronically low Fe is aided by efficient Fe uptake systems (4), intracellular Fe storage (5, 6) , or biochemical alteration of the photosynthetic Fe demand through decreased expression of the Fe-rich photosystem I (PSI) and cytochrome b 6 f components (7, 8) . Comparatively little is known about how diatoms deal with episodic Fe and light availability. In the highly dynamic coastal environment, Fe concentrations and daily surface irradiance levels can vary by two to three orders of magnitude (3, 9) on short spatial and temporal scales. Diatoms that thrive in these environments must, therefore, possess sophisticated cellular mechanisms to rapidly respond to such fluxes. Although genome-wide studies on the response of diatoms to acute and chronic Fe limitations have revealed a variety of Fe-responsive pathways and associated genes (7, 10, 11) , their functional roles in mediating the response have yet to be understood.
Using whole-genome comparative transcriptomics and diagnostic biochemistry, we previously identified two closely related genes whose expression was induced by Fe limitation and oxidative stress in the coastal marine diatom, Thalassiosira pseudonana (11) . Their associated protein sequences had strongest homology to so-called death-specific proteins (DSPs) from the diatom Skeletonema costatum (ScDSP1) (12) and thus, were denoted T. pseudonana DSP1 (TpDSP1; BLASTp e value < 1 × 10 −76 ) and TpDSP2 (BLASTp e value < 3 × 10 −26 ) (Fig. S1A ). ScDSP1 expression is induced by senescence, low light, chemical inhibition of photosystem II (PSII)/cytochrome b 6 f, and high intracellular levels of nitric oxide (12, 13 ). In silico analysis gave conflicting predictions for the subcellular localization of TpDSP1. Although HECTAR (14) and ChloroP (15) targeted TpDSP1 to other locations (score = 0.6408 and 0.490, respectively), TargetP (16) and LumenP (17) predicted chloroplast localization (reliability class = 5 and score = 0.978, respectively). For comparison, TpDSP2 was consistently predicted Significance Diatoms are unicellular eukaryotic phytoplankton responsible for nearly one-half of total marine primary productivity. We identified a plastid-targeted protein in the coastal diatom Thalassiosira pseudonana (TpDSP1) that enhances growth during iron limitation under low light. Clone lines overexpressing TpDSP1 had lower quantum requirements for growth, increased levels of photosynthetic and carbon fixation proteins, and increased cyclic electron flow around photosystem I, an energy-producing pathway with a heretofore unappreciated role in diatoms. At the same time, clones growing under replete conditions had markedly reduced growth and photosynthetic rates under high light, suggesting that, although TpDSP1 confers a competitive advantage under iron limitation, cells walk an ecological tightrope through the regulation of this protein.
to be nonchloroplastic and nonmitochondrial, with a predicted signal peptide cleavage site between amino acids 26 and 27. Given the induction of DSPs by Fe limitation, oxidative stress (11) , and low light (13) and its potential plastid localization, we hypothesized that TpDSP1 plays a critical role in the photosynthetic response to Fe and light availability.
In this study, we used a reverse genetics approach to explore the functional role of TpDSP1 in T. pseudonana. Because methods for generating knockout or silencing mutants do not currently exist in this organism, we overexpressed TpDSP1 in its native cellular background to determine its role in the response to Fe and light availability. Our results show that overexpression of TpDSP1 enhances growth under Fe limitation at subsaturating light by modulating photosynthetic electron transport but that these benefits are constrained by the cost of impaired growth at high irradiance levels.
Results and Discussion
TpDSP1 was overexpressed in T. pseudonana as a C-terminal fusion with GFP (Fig. S1B) . Immunoblot (Fig. 1A) and flow cytometry analysis of GFP fluorescence (Fig. 1B) confirmed overexpression in three independent clone lines (denoted 18-58, 18-31, and 18-53). The three clones differed in the degree to which TpDSP1-GFP was overexpressed, with clone 18-58 having the highest levels of fusion protein expression (Fig. 1A ) and GFP fluorescence (in both mean fluorescence intensity and the percent of GFP-positive cells in the culture) (Fig. 1B) . Quantitative, reverse-transcriptase PCR (qRT-PCR) showed a 4.8-fold increase in DSP mRNA expression compared with wild-type (WT). Cell extracts challenged with polyclonal peptide antibodies designed against TpDSP1 and generated in two rabbits further confirmed overexpression of TpDSP1 protein. Although antisera from each rabbit displayed differential cross-reactivity with endogenous DSP and the TpDSP1-GFP fusion protein, peptide competition assays confirmed that both antisera were specific to TpDSP1 (Fig. S2) . Taken together, qRT-PCR, flow cytometry, and GFP immunoblot data showed that TpDSP1 was overexpressed on both the mRNA and protein levels in these transgenic clone lines.
Confocal laser microscopy localized TpDSP1 to the plastid (Fig. 1C) , confirming the in silico prediction by TargetP and LumenP and refuting HECTAR and ChloroP. Plastid targeting in diatoms depends on a unique bipartite sequence that consists of a signal peptide followed by a transit peptide (18) . Although generally conserved, both in vivo experiments with modified presequences and large-scale targeted sequencing projects have revealed deviations that still result in chloroplast targeting (19, 20) , showing that, although useful, in silico predictions are not always correct. We confirmed that localization was not an artifact of overexpression, because a GFP-only expressing clone possessed cytoplasmic GFP fluorescence (Fig. 1C) .
Physiologically, overexpression of TpDSP1 greatly enhanced cellular fitness in the three clone lines under Fe limitation at subsaturating irradiance; as evidenced by a significant increase in the specific growth rate (μ) over WT ( Fig. 1 D and E and Table  S1 ), which consistently occurred 2-3 d after the shift from Fe replete to Fe-free media (i.e., acute Fe limitation; hereafter referred to as Fe limitation). The enhanced low Fe fitness was not associated with an increase in the maximum photochemical quantum yield of PSII (F v /F m ) (Fig. 1D ) or increased expression of TpDSP1-GFP under Fe limitation (Fig. 1D, Inset) . Enhanced growth was also not caused by the presence of GFP, given μ of the GFP-only expressing clone was identical to that of WT under Fe limitation. Moreover, overexpression of TpDSP1 did not confer an advantage to growth under nutrient replete conditions (Table S1) ), further implicating its connection to Fe stress. Although clones 18-31 and 18-53 expressed the fusion protein to a lesser degree than clone 18-58 (Fig. 1A) , all three displayed similar phenotypes under Fe limitation ( Fig. 1E ), suggesting that there may be a threshold level of expression, above which there are no additional benefits.
Given the identical phenotypes under Fe limitation, we chose clone 18-58 for additional detailed characterization, because it displayed the highest levels of GFP expression and mean fluorescence intensity. For simplicity, clone 18-58 will hereafter be referred to as TpDSP1-GFP. Unlike in acute Fe limitation, TpDSP1 overexpression did not enhance steady-state growth under a range of Fe concentrations (Fig. S3A) . Furthermore, there was no significant difference between cellular Fe quota and steadystate uptake rates between WT and TpDSP1-GFP at any of the Fe′ tested ( Fig. S3 B-D), indicating that TpDSP1 overexpression did not enhance intracellular storage or uptake of Fe. These findings demonstrate the increased fitness conferred by overexpressing TpDSP1 was specific to acute Fe limitation and not because of fundamentally altered Fe metabolism.
In photoautotrophs, Fe limitation leads to chlorosis and downregulation of photosynthesis. Under replete conditions, TpDSP1-GFP had 26% less chlorophyll a (Chl a) per cell than WT (Table ]. Inset shows an immunoblot of 18-58 grown in replete (+) or Fe-limited (−) conditions. (E) Mean specific growth rate ± SD of triplicate cultures of WT and the three TpDSP overexpressing clone lines under acute Fe limitation. S1), suggesting that overexpression of TpDSP1 affected Chl biosynthesis. Under Fe limitation, Chl a per cell in WT decreased 38% but remained unchanged in TpDSP1-GFP (Table S1 ). Quantitative immunoblots (21) were used to determine if overexpression of TpDSP1 simultaneously altered the levels or relative ratios of key components of photosynthesis (PSII, cytochrome b 6 f, PSI, and ATP synthase) and carbon fixation (RuBisCO). Under replete conditions, both WT and TpDSP1-GFP maintained similar levels of these components at a ratio of ∼2:1:1:1:12 for PSII:cytb 6 f:PSI:ATPSynthase:RuBisCO (Fig. S4 and Table S1 ). Acute Fe limitation in WT led to an approximately twofold decrease in the abundance of each component, but notably, the relative stoichiometry remained unchanged. TpDSP1-GFP also maintained the 2:1:1:1:12 ratio under Fe limitation, but the overall abundance of each component was 1.4-to 2-fold higher than in WT. The electrochromic shift (ECS) signal, a light-driven absorbance change driven by the shift in the absorption spectrum of some photosynthetic pigments in the presence of a photosynthesisdriven electric field across the thylakoid membrane, confirmed that the PSII:PSI ratios represent active reaction centers (Fig. 2C) . Hence, although TpDSP1 overexpression did not alter the architecture of the photosynthetic apparatus, it did enable cells to maintain elevated levels despite Fe limitation, thereby supporting higher growth rates.
The increased growth rate of TpDSP1-GFP could also be explained by an increase in energy use efficiency and higher carbon fixation rates. The quantum requirement for growth (1/ φ μ ) (SI Materials and Methods) under acute Fe limitation was approximately twofold lower in TpDSP1-GFP compared with WT (29 ± 6 and 65 ± 15 mol quanta mol C −1 , respectively), indicating that TpDSP1-GFP was more efficient at converting light into chemical bond energy. Lower quantum requirements can be attributed to either an increase in linear electron flow (LEF), expressed as an electron transport rate (ETR), or increased PSII subunits, with the product (ETR × PSII) of the two yielding the per-cell carbon fixation rate. The maximum ETR per PSII (P max ), the saturation irradiance for photosynthesis (E k ), the maximum efficiency of PSII (F v /F m ), and the functional cross-section of PSII (σ PSII ) were not significantly different between TpDSP1-GFP and WT (Table S1 ). However, although ETR per PSII was similar, the approximately twofold higher cellular PSII levels in TpDSP1-GFP under Fe limitation (Fig. S4A and Table S1 ) translate into an approximately twofold higher ETR per cell.
An increased ETR would logically result in a higher ATP demand to support both carbon fixation and other ATP-dependent cellular processes associated with higher growth rates. DSPs are restricted to the red algal lineage (12) and have the highest similarity to Ca 2+ binding proteins, in part because of the highly conserved nature of the Ca 2+ binding EF-hand motif (a motif found in numerous proteins involved in a wide array of cellular functions, many of which are unrelated to each other). However, we found partial and distant similarity to the thylakoid-associated proton gradient regulator-5 (PGR5; BLASTp e value < 4 × 10 −4 ) protein found in higher plants. Multiple sequence alignment between DSP and PGR5 shows amino acid similarity over ∼140 aa that are located outside the EF-hand motif. Conservation of a critical glycine residue (Fig. S5) , the substitution of which in PGR5 (position 130) renders the protein unstable and nonfunctional (22) , was also shared. PGR5, in conjunction with the transmembrane protein PGRL1, plays a critical role in regulating cyclic electron flow (CEF) around PSI (22, 23) , an alternate pathway of electron transport essential to photosynthesis (24) . During CEF, reduced PSI acceptors shuttle electrons to plastoquinone, which then reduces P700
+ through cytochrome b 6 f (25). This process contributes to the generation of a proton gradient for ATP production, and therefore, it plays a key role in adjusting the ATP:NADPH ratio required for carbon fixation and preventing overreduction of the chloroplast, especially during stress (26) . Although documented to play a critical role in higher plants and chlorophytes (24), the incidence and importance of CEF around PSI in diatoms have not been well-characterized. We directly measured CEF around PSI using ECS-based measurements of WT and TpDSP1-GFP. The measurement of a light-induced proton gradient, in conditions where PSII was inhibited (Materials and Methods), suggests that CEF can potentially generate ATP under normal, unstressed conditions in T. pseudonana. The similar basal levels of CEF under replete conditions (Fig. 2D ) between WT and TpDSP1-GFP further suggest that, in an unstressed cell, overexpression of TpDSP1 alone does not a priori facilitate higher rates of CEF, likely because additional ATP is not required. Under Fe limitation, however, TpDSP1 overexpression facilitated 61 ± 15% higher CEF around PSI, over replete conditions (Fig. 2D) . The saturation curves of the PSI-associated photoacoustic response showed that this increase was not because of an increase in PSI light harvesting capacity (σ PSI ) (Table S1) .
Collectively, these data show that overexpression of TpDSP1 confers a photochemical advantage under Fe limitation, whereby cells maintain the abundance of key components of the photosynthetic apparatus and have increased LEF and CEF around PSI (Fig. 3A) . This finding is analogous to the PGR5/PGRL1 complex modulating LEF and CEF around PSI in the green plastid lineage (22, 23) . We hypothesize that DSP plays a similar role of regulating the proton gradient across the thylakoid membrane in organisms in the red plastid lineage. Notably, the genomes of T. pseudonana, Phaeodactylum tricornutum, Fragilariopsis cylindrus, and Emiliania huxleyi each contain a predicted gene with higher similarity to PGR5 (BLASTp e values ranging from 5 × 10 −16 to 6 × 10 −27 ) ( ), indicating that DSPs may not be true PGR5 homologs. Rather, we hypothesize that DSPs are distinct members of a larger family of proton gradient regulator proteins, which includes PGR5 and PGRL1. Unlike PGR5, DSPs contain an ∼70-aa insertion (Fig. S5 ) that encompasses the predicted pair of EF-hand motifs and implicates DSPs in a Ca 2+ -dependent pathway. DSPs also contain a predicted transmembrane segment (Fig. S1A) , presumably anchoring it to the thylakoid membrane. However, a recent study in T. pseudonana did not find TpDSP1 enriched in the thylakoid membrane proteome (27) , suggesting that the hydrophobic region identified in silico may not represent an actual transmembrane segment. PGR5 also does not contain a transmembrane segment but associates with the thylakoid membrane through the membrane-associated PGRL1 protein (23) . PGRL1 was recently proposed to be the elusive ferrodoxinplastoquinone reductase responsible for transferring electrons from PSI to plastoquinone during CEF (28) . Although PGRL1 does not itself share sequence similarity to PGR5 or DSP, it was found in Chlamydomonas reinhardtii to play roles in maintaining levels of key components of the photosynthetic apparatus as well as mediating CEF around PSI under Fe limitation (29) . Notably, CEF in C. reinhardtii is Ca 2+ -dependent and involves a multiprotein complex comprised of PGRL1 and a chloroplast-localized Ca 2+ sensor (30) . Together, these observations lend support to the notion that the plastid-localized Ca 2+ -binding DSPs play a role in mediating CEF in red plastid-derived organisms.
In a previous study, we showed that Fe limitation induces DSP gene expression in T. pseudonana (11), but here, there was no significant change in CEF in WT under Fe limitation (Fig. 2D) . To determine if increased DSP gene expression translated into higher protein levels, we used immunoblot analysis to monitor the levels of endogenous DSP expression in WT cultures. Although TpDSP1 protein was expressed under replete conditions, expression levels increased within 3 d of the shift to Fe-free media (Fig. 3B) . However, the increase was modest (∼1.4-fold) compared with the 9-fold induction in transcript abundance previously observed under similar conditions (11) . This difference not only confirms a disconnect between mRNA and protein levels for some stress-related genes in T. pseudonana (31) but also shows that cellular control of DSP is at the posttranscriptional or posttranslational level and that analysis of transcript level alone is insufficient to assess DSP activity. The modest increase in DSP protein levels in WT during Fe limitation also suggests that the benefits of overexpression may be constrained by an associated cost that serves to regulate DSP expression.
Given previous findings of light-regulated expression of ScDSP1 (12) and the observation that light becomes colimiting at low Fe concentrations due to an increased requirement for Fe-containing photosynthetic proteins, we hypothesized that the cost associated with overexpressing TpDSP1 may be related to the cells' ability to cope with changes in its light regime. To test this idea, we measured the steady-state growth rates of WT, TpDSP1-GFP (i.e., clone 18-58), and clones 18-31 and 18-53 under replete nutrient conditions and irradiances ranging from 25 to 2,000 μmol photons m −2 s −1 (Fig. 4 and Fig. S6 ). At growth irradiance levels below 600 μmol photons m −2 s −1 , μ for WT and TpDSP1-GFP was similar (Fig. 4A and Fig. S6A ). In contrast, light levels ≥ 1,000 μmol photons m −2 s −1 significantly reduced μ in TpDSP1-GFP compared with WT ( Fig. 4A and Fig. S6A) , with respective μ/μ max decreasing 75% and 37% at 2,000 μmol photons m −2 s −1 (Fig. 4A) . Because TpDSP1-GFP expression is driven off the light-harvesting complex containing fucoxanthin protein 9 promoter, we wanted to confirm that TpDSP1-GFP expression in the overexpression clone lines was maintained at each of the irradiance levels. GFP fluorescence intensity (as determined by flow cytometry) has been used as a quantitative reporter of gene expression (32) , and our own observations that GFP fluorescence intensity correlated well with TpDSP1-GFP protein levels ( Fig. 1 A and B) provided confidence in its use as a real-time proxy for expression. GFP fluorescence levels were not significantly different at growth irradiances > 100 μmol photons m −2 s −1 (Fig. S6C) . At the lower light intensities (<100 μmol photons m −2 s −1 ), however, there was a slight decrease in fluorescence, suggesting lower overexpression at these levels. Given that the impaired growth rates were observed at the highest intensities where TpDSP1-GFP was being expressed, we hypothesized that overexpression of TpDSP1 either prevented cells from efficiently photoacclimating or led to a defect in photosynthesis at saturating light. Neither E k (Fig. 4B ) nor σ PSII (Fig. 4E) was significantly different between WT and TpDSP1-GFP, indicating equal efficiency of photoacclimation. F v /F m was also similar at saturating light (Fig. 4D) , further verifying that there was no effect on PSII. However, P max was significantly lower (Fig. 4C and Fig. S6B ), and nonphotochemical quenching was higher (0.54 ± 0.04 vs. 0.25 ± 0.04 in WT) in TpDSP1-GFP at 2,000 μmol photons m −2 s −1 , supporting the hypothesis that overexpression of TpDSP1 indeed impaired photosynthesis at high light. This sensitivity to high light is in contrast to findings that overexpression of PGR5 conferred increased resistance to high light (33) , further showing that, although DSP and PGR5 are related, they do possess distinct functions that may stem from the divergence of the red plastid lineage after the secondary endosymbiotic event.
Our results demonstrate that TpDSP1 is regulated by a complex system involving Fe and light. Although its overexpression allows cells to thrive during short periods of Fe limitation by facilitating higher levels of PS components and CEF, its benefits are balanced by an inherent cost of increased susceptibility to high light. Although we cannot elucidate the exact mechanism of DSP, we can provide a few possible scenarios. We note that TpDSP1 has several potential phosphorylation sites (Fig. S7) . One possible mechanism, implied by the sensitivity of the overexpression clones to high light and the localization of the protein to the plastid, is that TpDSP1 may undergo reversible, redoxregulated phosphorylation (34, 35) that would allow the protein to form a supercomplex with PSI and cytochrome b 6 f (36), thereby increasing the kinetic flux of electrons through CEF. This scenario would effectively allow DSP, like PGRL1, to act as a flux valve between CEF and LEF (28, 29) . Alternatively or perhaps, in conjunction with phosphorylation, it has also been suggested that diatoms transduce Fe stress signals through a Ca 2+ -based regulatory system (37) . The EF-hand in DSP may, therefore, play a role in a signal transduction cascade triggered by low Fe but regulated by light through phosphorylation. Regardless, the effect of TpDSP1, operating in conjunction with other Feresponsive pathways and associated genes (7, 10, 11) , ultimately leads to elevated fitness under Fe stress and shows that overexpression of a single protein can modulate photosynthetic electron flow and alleviate Fe stress in a diatom.
DSP-like sequences were identified in the genomes of the diatoms P. tricornutum and F. cylindrus as well as the coccolithophore E. huxleyi (Fig. 5 ), but were absent from the prasinophyte Ostreococcus tauri, the primitive Rhodophyte Cyanidioschyzon merolae, and the nonphotosynthetic stramenopile Phytophthora, further supporting their role in photosynthesis in diverse phytoplankton from secondary endosymbiotic red plastid lineages. In silico analysis predicts plastid localization of DSP proteins in P. tricornutum and S. costatum but not E. huxleyi or F. cylindrus. These results may simply be mispredictions associated with the in silico analysis or, if they indeed represent true cytoplasmic localizations, could suggest an additional, undetermined role for DSPs. Additional experiments in other species are needed to determine if the role of TpDSP1 is broadly distributed. Notably, DSP-like sequences were widely distributed in metagenomic and metatranscriptomic datasets from the oligotrophic Sargasso Sea, the California Coastal Upwelling System, the Southern Ocean, and the Equatorial Pacific (Fig. 5 and Dataset S1) as well as the chronically Fe-limited surface waters at Ocean Station Papa in the northeast Pacific Ocean (38) . Phylogenetic analyses revealed that environmental DSP-like sequences clustered into distinct groups along with diatom and coccolithophore reference genomes (Fig. 5) . Together with our functional genomics data, these findings highlight the relevance of this protein to phytoplankton populations in the modern ocean. We hypothesize that, in the dynamic coastal environment where cells are exposed to varying levels of Fe and light availability on short timescales, cells expressing DSP under subsaturating light would be biochemically poised to cope with Fe stress through elevated CEF and therefore, have a competitive advantage. However, the fact that elevated DSP levels led to impaired photosynthetic rates at saturating light forces cells to walk an ecological tightrope through the regulation of this protein. replete cultures were transferred every 1-2 d until growth rates did not vary for at least three consecutive measurements. Desired irradiance levels were obtained by varying the distance of the culture from the light source. Additional details are described in SI Materials and Methods.
Cloning and Overexpression of TpDSP1. The gene encoding TpDSP1 was cloned into the expression vector pTpfcp (39) , generating a C-terminal fusion to GFP. This vector, along with an antibiotic selection vector, was introduced into WT T. pseudonana using a Biolistic PDS-1000/He System (Bio-Rad) as described in SI Materials and Methods. Positive clones were selected in the presence of antibiotic and screened for GFP fluorescence by flow cytometry and epifluorescence microscopy. Quantitative RT-PCR and immunoblot analysis using a GFP antibody were used to confirm TpDSP1 overexpression.
Biophysical Measurements. ECS spectra were measured using a Joliot-type spectrophotometer (JTS-10; Biologic). Active PSII:PSI ratios were calculated based on the flash-induced ECS signal in the absence and presence of 3-(3,4-dichlorophenyl)-1,1-dimethylurea and hydroxylamine. CEF was calculated from a linear fit of the initial slope of the ECS decrease normalized to the flash-induced ECS increase in PSII-inhibited cells (i.e., one charge separation 
